This paper is a geomechanics case study in which timelapse timeshifts have been accurately measured over the producing HP/HT Franklin and Elgin gas condensate fields then inverted to production-induced stress and strain changes throughout the reservoir, overburden and underburden. The interpretation of the result can be used to constrain the coupled reservoir-geomechanical model with the objective of enhancing its capacity to detect parts of the reservoirs that have not been depleted, explaining casing integrity problems and anticipating potential wellbore instability problems on infill wells.
Introduction
The Franklin and Elgin fields were discovered in 1986 and 1991, respectively, within the UK North Sea Central Graben blocks 22/30 and 29/5. The producing reservoirs are contained in the Jurassic Fulmar shallow-marine and Pentland fluvial formations at depths of 5100-5600 m subsea. The fields presented significant development challenges both in terms of seismic imaging complexity and by being in a state of exceptionally high pressure / high temperature (HP/HT). Addressing these challenges meant that production could not commence until 2001. In 1996 the imaging challenge was addressed by acquiring a 3D seismic survey using aggressive parameters for the time -a single source and six 4500m streamers separated by 75m. This dataset was processed through various imaging schemes that eventually led to an early example of 3D anisotropic prestack depth migration (PSDM). The progressive improvements of the processing schemes have been described by Suiter et al (2003) . At project sanction in 1997, the HP/HT challenge presented by reservoirs that were initially overpressured by 550bar at 1100bar/190ºC was formidable. The development program required pre-drilling of all production wells because at that time drilling into HP reservoirs depleted by more than 100 bars was thought not to be possible. However, newly evolved drilling techniques will now permit infill drilling into reservoirs depleted by 500bar, the amount of depletion that has now occurred in both Franklin and Elgin. Positioning of these infill wells needs careful planning to maximise reserves and to minimise wellbore stability problems caused by reservoir compaction. Hatchell et al (2003) showed that nearby Shearwater field created geomechanical effects that manifested themselves as timelapse timeshifts. Encouraged by this case study, a 4D repeat seismic survey was acquired over the Franklin and Elgin fields in 2005 with the intent of using the geomechanical behaviour to help monitor the reservoirs. This 4D monitor survey was acquired with parameters that, as far as possible, matched those of the 1996 base survey. The 4D survey area also includes the Shell operated Shearwater field, as well as the Glenelg and West Franklin fields that in 2005 were yet to be produced.
Methodology
The geomechanical emphasis of the project required processing techniques that preserved any productioninduced timelapse timeshifts. This involved such things as deriving all survey matching parameters far away from producing areas. The repeatability was optimised by 4D binning using source and receiver position variation between vintages as selection criteria. The monitor survey has undershoots beneath the wellhead platforms of both Franklin and Elgin fields. Extensive interpolation techniques were used on data in the undershoot zones in an attempt to preserve repeatability while avoiding artefacts resulting from too many empty 4D bins. The 4D timeshifts were measured throughout the processing and the final Kirchhoff anisotropic PSDMs were driven by the same velocity model for both vintages, so as to preserve the timeshift integrity. This paper is a case study and follows on from previous detailed discussion of the methodology behind the approach (Hawkins et al 2006) . The geomechanics application in this paper uses the uniaxial compaction assumption to compute the 4D stress and strain changes from estimated 4D velocity and thickness changes. This application extends the approach employed by Hatchell et al (2003) and modified by Hatchell and Bourne (2005) who used geomechanical modelling to predict the observed 4D timeshifts by relying on rock physics constraints to rationalise 4D velocity and thickness changes. The equation which relates effective stress changes to velocity and strain (fractional thickness) changes is stated by Hawkins et al (2006) . In order to estimate the velocity and thickness changes we invert the finite offset timeshift data. For this challenging North Sea data, the inversion from timeshifts to velocity and thickness changes was stabilised by constraining the measured timeshifts by a shift versus offset (SVO) analysis over the reservoir area using an aperture of 30 degrees. For this initial result, Hatchell & Bourne's (2005) rock physics constraint has been employed at depth where the 4700m maximum recorded offset restricted the aperture of the SVO analysis to less than 25 degrees. Figure 1 shows maps at the Top Reservoir (Franklin C horizon) for: (a) the depth structure, and (b) the measured 4D timeshift. On the latter, the production effects are obvious over Shearwater and Elgin with timeshifts ~5ms, yet Franklin (that has similar pressure depletion to Elgin) exhibits a much smaller timeshift of ~2ms. As expected, the still to be produced Glenelg and West Franklin fields exhibit no timeshifts. Also shown in Figure 1 are the locations of lines A and B that cross Elgin and Franklin, respectively. Figure 2 shows the timeshifts of these lines and emphasises the apparently insignificant timeshifts in, above and below Franklin, relative to those seen in the vicinity of Elgin and Shearwater. Figure 3 shows the inverted 4D stresses for the same crosssections. Despite the small timeshifts associated with Franklin, we see that the stress changes within the Franklin reservoir are in fact similar to those in Elgin, reflecting the similar pressure depletions of the two reservoirs. Also, while the extensional stress changes are relatively small in Franklin's overburden, they are seen to be more significant in the underburden. The 4D reservoir stress map of Figure 4 shows a good correlation between the high estimated stress changes in both the Elgin and Franklin reservoirs and the production well locations. Glenelg exhibits no production effect as expected, while West Franklin, where the reservoir was modelled to be much thinner than was actually encountered, has more erratic stress estimates.
Application to Franklin and Elgin data

Discussion
The contrasting behaviour of the Top Reservoir 4D timeshifts between the Elgin and Franklin fields is intriguing. This behaviour (1) emphasises the significance of only small (<2ms) timeshifts and (2) highlights the fact that these Top Reservoir timeshifts, which are invariably the largest on the entire section, are a function of the stress changes in the overburden (stress arching) due to the reservoir depletion. It suggests that Elgin and Franklin structures have significantly different effective stress patterns. Elgin is pulling down the overburden while in Franklin the compaction seems to be more accommodated by underburden stretching. These results provide useful information to constrain the coupled reservoirgeomechanical model and might have an impact on wellbore stability. The estimation of the production-induced stress changes appears quite realistic within all reservoirs, with the exception of West Franklin due to the inaccuracy of the pre-drill model. This observation is confirmed by the good correlation of high reservoir effective stress changes with the locations of effective production wells. Figure 4 shows that the south-eastern part of Franklin has small 4D stress changes that, logically, are associated with little reservoir compaction. The two exploration/appraisal wells in this south-eastern part of the Franklin field did encounter gas condensate. This is most likely a result of reservoir quality deterioration towards the south-east, where the reservoir is believed to change from a shore face to a deeper marine environment. 
Closing comments
This initial result provides encouragement that 4D timeshifts can be converted to meaningful stress changes. Those stress changes could be used to constrain the reservoir and geomechanical models and help by then detecting the depleted parts of a reservoir and better anticipate wellbore stability problems. Ideally, in order to improve quantitative estimates of stress, the result should be calibrated to hard data such as compaction logs using radioactive bullet markers or repeat gamma logs, stress measurements during the drilling of infill wells, pressure measurements in the reservoir. Unfortunately, such hard data does not currently exist in these particular HP/HT reservoirs. In due course, it is hoped that the results of the technique will become integrated into the geomechanical modelling and reservoir modelling processes.
